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Abstract: Mullite (3A1,03-2510;) is an aluminosilicate characterized by excellent physical properties,
which makes it an important ceramic material. In this way, ceramics based on mullite find applications
in different technological fields as refractory material (metallurgy, glass, ceramics, etc.), matrix in
composite materials for high temperature applications, substrate in multilayer packaging, protective
coatings, components of turbine engines, windows transparent to infrared radiation, etc. However,
mullite is scarce in nature so it has to be manufactured through different synthesis methods, such as
sintering, melting-crystallization or through a sol-gel route. Commonly, mullite is fabricated from
pure technical grade raw materials, making the manufacturing process expensive. An alternative to
lowering the cost is the use of mining waste as silica (5i0,) and alumina (Al,O3) feedstock, which
are the necessary chemical compounds required to manufacture mullite ceramics. In addition to
the economic benefits, the use of mining waste brings out environmental benefits as it prevents
the over-exploitation of natural resources and reduces the volume of mining waste that needs to
be managed. This article reviews the scientific studies carried out in order to use waste (steriles
and tailings) generated in mining activities for the manufacture of clay-based ceramic materials
containing mullite as a main crystalline phase.

Keywords: mullite; clay-based ceramics; mining waste; sterile; tailings; iron and aluminum waste;
boron; molybdenum and lithium waste; coal gangue; kaolin waste; ornamental rock waste

1. Introduction

Nowadays, mining is a critical industry for global economic and social development,
and it will continue to be the main resources provider in the immediate future [1]. However,
just as there have been great technological advances in mining techniques that allow a
larger recovery of minerals and therefore a continuous growth of world production, the
impoverishment of deposits in terms of the grade, which requires larger scale, more
complex and depth excavations, has an even higher impact on a major generation of waste.
Figure 1 shows the evolution of world production of minerals in the 2009-2018 decade [2],
and Figure 2 shows global production, in the last years, of different metals or minerals
reported in this paper, which include: iron [3], aluminum [4], boron [5], molybdenum [6],
lithium [7], coal [8] and kaolin [9], among others.
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Figure 1. Evolution of world mineral production [2].
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Figure 2. Worldwide production of: (a) Iron ore mineral [3]; (b) Countries with the largest smelter production of alu-
minum [4]; (c) Boron [5]; (d) Molybdenum [6]; (e) Lithium [7]; (f) Coal [8]; (g) Kaolin [9].

Thus, mining activities imply the generation of huge amounts of mining waste that
produce great impacts on the environment, among others instability in waste dumps, acid
drainage mainly due to oxidation processes, water pollution, air pollution and a long
etcetera, which also includes the huge extents of territory occupied by the deposits of
residues from the mineral washing and flotation plants [10,11].

Worldwide, there are approximately 3500 solid mining waste facilities, with an esti-
mated generation of over 100 billion tons per year [12]. An idea of the magnitude of waste
generated is given by the fact that, for example, in the case of iron or aluminum mining,
the amount of solid waste generated is several times greater than the mass of the metals
extracted, but in the case of noble metals such as gold, this ratio is greater than millions of
times [13,14].

Tayebi-Khorami et al. [12] in an interesting study on the current management frame-
works of mining waste, established the need for the mining industry to develop strategies
in the medium and short term for proper management and use of waste aimed at achiev-
ing a lower environmental impact. The design and implementation of robust long-term
solutions remains, to date, a challenge for the mining industry, due to the specificity of the
sites where wastes are generated, the local weather conditions and the physicochemical
heterogeneity of their wastes [15]. Besides, the global megatrends (large, social, economic,
political, environmental, or technological changes) as driving technology demands should
be taking into consideration by the mining industry for its future economic growth [16].

Solid mining waste is grouped into two main groups, viz mine waste rock (steriles)
and tailings. Mine waste rock consists of low-grade excavated bedrock that has been
transported to access profitable ore, and generally comprises of relatively coarse broken
granular rock in the size range from sand to pebbles or boulders. They are mainly piled on
high mounds which are porous, hydraulically unsaturated, and therefore highly exposed
to atmospheric conditions (oxidation). Tailings are the main waste, both in volume and
weight, generated in the process of concentrating minerals. Tailings are composed of
process water and fines remaining after crushing and beneficiation of the ore, which may
contain secondary materials from reactions with processing reagents, such as explosive
agents or extraction chemicals [17]. Tailings streams are pumped into tailings storage
facilities, TSFs (pools or dams) where they are deposited with low atmospheric exposure,
which can even originate reducing conditions. Tailings can also be dried and stacked
with the consequent displacement of the fines by the wind over long distances. The
volume of tailings generated in the extraction of ore is almost equal to the volume of ore
processed. It is estimated that there are approximately 1900 controlled TSFs worldwide in
which 56 x 10° m? of mine tailings are stored. This volume is expected to increase up to
69 x 10° m? by 2025 [18]. The high volume of tailings stored at TSF gives rise to significant
environmental problems resulting from the occupancy of large areas of land, including
farmland and forests, and the consequent destruction of the landscape [19].

Moreover, tailings disposal also involves serious impacts on human health. In dry
seasons, water from the surface of the tailings dams evaporates, leaving a fine, powdery
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material on the surface that pollutes the air in the surrounding areas. On the other hand,
in rainy seasons, tailings deposits can collapse, causing landslides, with the consequent
risk for the inhabitants of neighboring towns [20]. Over the past 40 years, numerous
tailings dam collapses have occurred, resulting in significant impacts such as a prolonged
suspension of mining activity, environmental degradation, damage to the image of the
mining company, economic implications for the industry, legal implications and loss of
human life [21]. Figure 3 shows shocking images of the collapse of several tailings dams.

Figure 3. Images of several environmental disasters produced by collapse of tailing dams: (a) collapse of tailings dam
in Azndlcollar, Spain, 1998 [22]; (b) Baia Mare disaster, Romania, 2000 [23]; (c) Mariana dam disaster, Brazil, 2015 [24];
(d) Brumadinho dam disaster, Brazil, 2019 [25].

Definitive solutions to the problem of mining waste are still far from being reached and
much research and technological development must continue to be carried out. Although
both types of waste present different geochemical behaviors, due to the large granulometric
differences between them, different physical-chemical characteristics, and above all to the
different storage practices, they can be considered, a priori, as a source of new exploitable
materials [26].

In recent years, different studies have been carried out with the objective of recovering
mining waste through their incorporation into different materials. Thus, nanostructured
Mg (II)Al(III) layered double hydroxide (LDH) was manufactured from waste serpentine
tailings by a chemical precipitation method [27]. Hexagonally ordered mesoporous silica
materials were prepared from iron tailings by an innovative non-hydrothermal process at
room temperature. These materials can be applied to energy storage or environmental pro-
tection [28]. Several studies have reported on the valorization of mining waste in building
materials. In this way, iron ore waste was used as a complementary cementitious material to
prepare colored composite cements more resistant to acid attack than Portland cement [29];
gold ore tailings were used as siliceous raw material for cement production [30]. For this
application, the cementitious/pozzolanic properties of mineral tailings can be improved
by activation methods [31]; molybdenum tailings have been investigated as replacement
of fine aggregates in structural concrete [32]; and copper tailings were evaluated as raw
material for geopolymer manufacture. Fluorite mines waste has been incorporated in the
raw material mixture for the manufacture of glass [33], which allows for the incorporation
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of the potentially toxic elements of the tailings into the glass structure [34]. The valuation
of mining waste as fillers has also been considered in some studies. For instance, lead-zinc
mill waste was studied as paste backfilling for an underground metalliferous mine [35];
and perlite wastes was used for the manufacture of lightweight materials by combining
the geopolymerization technology with the foaming process [36]. A further recovery route
investigated for these wastes is the production of synthetic stone. Thus, an artificial aren-
ite was developed from different particle size fractions of the sandstone industry waste
mixed with an unsaturated polyester resin [37]. Finally, as one of the potential recovery
options, the manufacture of ceramic materials has been satisfactorily evaluated [38-40].The
studies conducted to incorporate mine tailings into mullite-based ceramic materials are
described hereafter.

Under the conventional model of the linear economy, taking into account the lowering
of the ore grade and consequently higher excavation rates, the problem of mining waste
and its associated inherent risks would continue to aggravate. In contrast, a circular econ-
omy articulates the importance of closed-loop systems that reduce the need for extraction
and processing of new resources. As such, within mining activities and following the 3Rs
principle of waste reduction (reduces, reuse, recycle), it can make an important contri-
bution [41]. Thus, within the framework of the circular economy (which requires design
for repair, reuse, recovery, refurbishment, restoration, and recycling) and the sustainable
development objectives (ODS), many mining wastes could be considered, among others,
as alternative materials in the construction sector instead of sources of pollution and risk.
This solution will lead to the conservation of finite natural resources extensively used in the
field of construction and to reduce the environmental impacts related to them [10,16,42,43].
Among construction materials, ceramic materials and, specifically those based on mullite,
have been established as an appropriate alternative for the recovery of solid mining waste.
The use of mining waste in the production of mullite-based ceramics contributes to various
sustainable development objectives (ODS) of Agenda 2030, an action plan that resulted
from the commitment of the member states of the United Nations, whose main objective is
to ensure the protection of people, the planet and prosperity [44]. Thus, as far as objective
7 (affordable and clean energy) is concerned, the use of mining waste as a substitute for
pure raw materials allows for a reduction in energy consumption. With regard to objective
13 (climate action), the recovery of waste contributes significantly to the reduction of CO,
and other greenhouse gas emissions. Furthermore, the appropriate management and use
of waste avoids negative impacts on terrestrial ecosystems, which are covered by objective
15 (life on land). But undoubtedly, the valorization of mining waste is closely linked to ob-
jective 12 (responsible consumption and production), which includes the achievement of a
sustainable management and efficient use of natural resources by 2030, while considerably
reducing waste generation through prevention, reduction, recycling and reuse activities.

According to the Mindat database [45], mullite (The name and chemical compo-
sition of the minerals and crystalline phases mentioned in this review are showed in
Appendix A) is a nesosilicate, a group of silicates characterized by un-polymerized SiOy4
tetrahedrons, linked to one another by ionic bonds through interstitial cations. The
chemical formula is Al(442x)Si(2—2x)O(190—x) Where x = 0.17-0.59, and is composed of
38.00 wt.% aluminum, 13.18 wt.% silicon, and 48.82 wt.% oxygen, with the empiric for-
mula Aly 55i; 509 75. Figure 4 shows the structure of mullite [46]. The mullite etymology
is related to the place where it was found the first time in 1924, the Isle of Mull, Scotland,
UK. Mullite is a crystalline phase of great technological importance due to its excellent
technical properties, such as: low expansion and thermal conductivity (~4.5 x 1076 °C~!
and 6 kcal-m~1-h~! °C~1 at 20 °C, respectively), and appropriate fracture strength and
toughness (~200 MPa y ~2.5 MPa m!/2, respectively) [47]. In addition, it features high creep
resistance, corrosion stability and thermal stability. All these features currently make mul-
lite to be, probably, one of the most important phases in traditional and advanced ceramic.
Monolithic mullite ceramics find application in tableware [48], porcelain stoneware [49,50],
refractory [51] or electronic devices [52]. Mullite coatings have been used successfully as
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environmental barrier coatings for the protection against oxidizing agents, reducing agents
or aggressive chemicals at high temperatures [53,54]. Besides ceramic or metallic surfaces,
mullite composites, including composites prepared with mullite matrix or mullite fiber,
find important applications as components in turbine engines, high-performance furnaces
or heat shields for space vehicles [55-57].

O O
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Al (V]) O AI(IV)/Si(IV)O 0 Oxygen vacancy

Figure 4. Crystal structure of mullite along c-axis [46].

Mullite is a mineral not very abundant in nature since high temperature and low

pressure conditions are required for its formation. Due to its high technological demand,
mullite has to be manufactured by synthetic methods, rather than being mined. For the
synthesis of mullite, there are three basic routes, namely: sintering, melting and chemical
processing [58].

Sinter-mullite. Through sintering processing, mullite is basically obtained by reactions
in the solid state by interdiffusion of aluminum, silicon and oxygen atoms. The
aluminum-bearing raw materials used for the synthesis of mullite are mainly clay
minerals, basically kaolinite (AlySi;O5(OH)4) and pirofilite (45i0,-Al,O3-HO); other
minerals such as Al,SiOs (sillimanite, cianite and andalusite); AIO(OH) (boehmite
and diaspore); gibbsite (Al(OH)3) and bauxite ((AlIOx(OH)3_,4) with x = 0-1) are
usually added as supplementary raw materials. Quartz (SiO;) is used as Si source.
During sintering at ~500 °C, kaolinite is transformed into metakaolinite (Al,Si;O7)
by the loss of structural molecules of water. Later, at higher temperature (~980 °C)
metakaolinite is decomposed in Si-Al spinel and amorphous silica. The reaction
between these two phases at~1200 °C origins the formation of mullite [50]. For the
complete transformation of kaolinite into mullite by the sintering process, very high
temperatures are required (1600-1700 °C) due to the diffusion coefficient of mullite
in the grain border being very low. To reduce the mullitization temperature, it is
convenient to use systems to mix raw materials at the atomic level.

Fused-mullite. Mullite is synthesized by fusing of raw materials (alumina Bayer,
quartz sand, rock crystal and fused silica) in an electric furnace at a temperature over
2000 °C until homogeneous molten is achieved. By controlled crystallization during
the cooling, molten mullite is developed [59].

Chemical-mullite. This method comprises the use of different chemical processes such
as sol-gel technologies [60], precipitation [61], hydrolysis [62], pyrolysis [63] or cool
vapor deposition techniques (CVD) [64].
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Accordingly, the synthesis of mullite is an expensive process due to the requirement
of high temperature or complex synthesis methods. On the other hand, the kaolin world
reserves are drastically decreasing, because their demand for the production of paper and
ceramic building materials (principally ceramic tiles). For both reasons, during the two
last decades, research efforts have been conducted to study the synthesis of mullite from
less common and low cost raw materials such as inorganic waste from different sources
and characteristics. Thus, waste from the agro-food industry (rice husk ash) [65,66], spent
cracking catalysts [67-69], aluminum buffing dust [70], aluminum sludge generated in
water treatment plants [71], ceramic wastes from the manufacture of ceramic tiles [72] or
fly ash [73,74], among others have been investigated as raw materials for the synthesis
of mullite.

Furthermore, the valorization of mining waste by the production of mullite-based
ceramic materials has also been the object of scientific interest. The aim of this work is to
carry out a review of the scientific production performed in recent years on the use of waste
rock and tailings from the mining industry in the manufacture of ceramic materials in
which mullite is developed as one of the main crystalline phases. In this sense, the review
includes mining waste from the extraction of metals (iron, aluminum, boron, molybdenum
and lithium) and minerals (coal gangue, kaolin and ornamental rocks).

2. Mining Waste from the Extraction of Metals
2.1. Iron Mining Waste

Iron is the most frequently used metal in the world. As the main component of steel,
it is an essential element in different sectors such as the automobile, construction industry,
engineering or equipment production. In 2019, world iron production was approximately
2.5 x 10° metric tons, with Australia and Brazil, with 930 x 10° and 480 x 10° metric tons
respectively, being the largest producers [3]. Possible ways of recovering the iron mining
waste include its use as catalysts for the synthesis of carbon nanomaterials [75], ceramic
additive [76] and its incorporation into cement [29], concrete [77] or geopolymers [78]. The
main results of the aimed at the synthesis of mullite-based ceramics from iron mining waste
are described hereafter. Tables 1-3 list the chemical composition of the iron waste, the
processing parameters and the technological properties of the developed ceramic materials.

Table 1. Chemical composition (expressed wt.% oxide) of iron mining waste.

Reference SiO, Al O3 Fe; O3 CaO MgO Na, O K,O TiO, P,05 MnO LOI
[79] 39.40-63.32 1.22-1.42 32.31-55.61 0.08-0.36 — — — — — — 2.33-3.42
[80] 19.84-21.63 11.91-13.25 66.15-72.21 — 0.71-0.84 — 1.25-1.53 — — — nd
[81] 24.4 10.95 44.52 6.2 0.99 0.28 0.86 0.42 2.78 — 6.95
[82] 15.78-20.45 13.19-18.81 57.32-67.44 0.18-0.34 — — 0.21-0.28 0-0.66 1.49-2.62 7394

nd = not determined.

Table 2. Experimental conditions used in the development of mullite-based materials from iron mining waste.

Reference Percentage of Use (wt.%) Additional Raw Materials (wt.%) Shaping Method Sintering Conditions
Clay (35-60) UP; 25-30 MPa 1060-1200 °C
[79] 30-50 . . @ 50 mm o .
Fluxing minerals (0-15) 110 % 55 mm 10 °C/min

UP; 30 MPa o

[80] 60 Kaolinitic clay (40) 50 X 50 mm 850-1000°C
110 x 55 mm

[81] 50-70 Kaolin (25) UP; 20 MPa 1150-1250 °C

Quartz sand (5-25) 60 x 35 x 5mm 5 °C/min; 30 min

UP; 10 MPa 1200 °C

[82] 100 nr 50 x 50 x 5 mm 10 °C/min; 2 h

UP = uniaxial pressing; nr = not reported.
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Table 3. Technological properties of mullite-based materials developed from iron mining waste.

Compressive Apparent ..
. . Flexural Water . Firing
Reference Final Material Strength . o Density . o
(MP2) Strength (MPa) Absorption (%) (g/cm®) Shrinkage (%)
[79] Ceramic tiles nd 17-31 <0.5-16.5 nd 0.07-7.00
[80] Ceramic bricks and 15-70 nd 6-8 2427 nd
pavement blocks

[81] Porcelain tiles nd 30-75 <0.5-17 nd 5-16
[82] Porcelain tiles nd 53.41 0.34 3.63 26.51

nd = not determined.

Das et al. [79] investigated the potential of iron ore tailings as a raw material in the
manufacture of ceramic tiles for pavement and flooring. The iron ore tailings were mainly
composed of SiO, and Fe,O3 along with Al;O3 as a minority component. From a mineralog-
ical point of view, the main components of iron tailings were hematite (Fe;O3), quartz and
kaolinite, while illite ((K,H3O)(Al, Mg, Fe)»(5i,Al)4O19), goethite (FeO(OH)) and montmoril-
lonite ((Na,Ca)o3(AlL,Mg),Si4O19(OH),; -nH;,O) were identified as minor crystalline phases.
The composition containing 40 wt.% tailings, 50 wt.% clay and 10 wt.% flux presented, after
firing, a water absorption value lower than 0.5%. The mineralogical composition of the
fired tiles was mostly composed of quartz and mullite, with fayalite and anorthite as the
minor phases. In terms of its microstructure, it was formed by crystalline phases embedded
in a glassy matrix with a homogeneous distribution of pores. All these characteristics
enabled these ceramic tiles to be used as glazed tiles suitable for both domestic and indus-
trial floors. In a later study, Gosh et al. [80] informed about the manufacture of ceramic
bricks and paving blocks from iron ore tailings. The chemical composition consisted of
5i0y, FepO3 and Al O3 as the major oxides and MgO and K;O as the minor components.
As concerns the mineralogical composition, the iron ore tailings consisted of magnetite
(Fe?*Fe3,0y, 2.4-6.9 wt.%), hematite (0-48.6 wt.%), goethite (30.1~77.6 wt.%), kaolinite
(13.7-17.3 wt.%) and quartz (0.7-2.7 wt.%). The paste composition made up of 60 wt.% iron
tailings and 40 wt.% kaolinitic clay gave rise after firing to dense materials composed of
hematite (72.3-74.1 wt.%,), mullite (2.3-8.4 wt.%) and quartz (19.3-23.6 wt.%). The authors
pointed out the possibility of manufacturing ceramic bricks and blocks with adequate
technological properties at lower temperatures than commercial materials composed of
100 wt.% of clay, which results in savings in production costs. Chen et al. [81] studied the
possibility of manufacturing red porcelain tiles with hematite tailings as a substitute for
feldspar ((K,Na,Ca,Ba,NH4)(5i,Al)4Og). The major constituents of the tailings were Fe,O3,
S5i0y, Al,O3 and CaO, with quartz and hematite being the main crystalline phases; calcite
(CaCO3) and chlorite (Nag 5Al4Mg,Si; AlO18(OH)12-5H,0) were also identified as minority
phases. The study indicated that the incorporation of tailings promoted the formation of
liquid phases and led to a decrease in the sintering temperature of the samples, although it
was necessary to optimize their content in the ceramic pastes since an excessive percentage
of tailings reduced the densification temperature range. Materials fired at 1200°C from the
composition consisting of 55-65 wt.% tailings, 25 wt.% kaolin and 10-20 wt.% quartz sand
proved to be the most appropriate for obtaining porcelain tiles with suitable technological
properties. The fired tiles were made up of quartz, hematite, cristobalite (5i0,), mullite
and anorthite (CaAl;Si;Og) and had a dense microstructure with low porosity.

Recently, Fontes et al. [82] reported the use of iron tailings in the manufacture of
porcelain tiles. The tailings were separated into three fractions by a dry segregation
procedure. In this way, the fractions, namely, iron ore, quartz sand and a fraction collecting
the concentrates of the clay minerals, were obtained. The latter presented a series of
physical-chemical characteristics that made it more suitable than the original iron tailings
for the manufacture of porcelain tiles, without the addition of auxiliary raw materials.
Thus, its chemical composition, consisting mainly of Fe;O3, SiO; and Al,O3; was located
in the region of mullite formation in the SiO;-Al,O3-FeO/Fe,O3 ternary diagram. The
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incorporation of iron tailings led to the formation of a higher amount of liquid phases
during firing. Moreover, it had a smaller particle size, which facilitated the shaping of
the pieces (plasticity). The fired tiles were made up of hematite (72.2 wt.%) together with
mullite (17.7 wt.%), cristobalite (7.1 wt.%) and an amorphous phase (3.2 wt.%) and showed
a porosity of approximately 5%, with 1.3% corresponding to open porosity. This low value
of porosity was reflected in a water absorption (0.34%) that met the requirements for tiles
in the group (Bla) (dry pressed tiles with very low water absorption (<0.5%). These tiles
also showed good mechanical behavior.

2.2. Aluminum Mining Waste

Nowadays, over 90% of the world’s aluminum production is achieved by the hy-
drometallurgical extraction and refining of the alumina contained in bauxite, through the
Bayer process [83]. In this process, the bauxite ore, previously ground, is digested at high
temperature in a highly caustic solution. At the completion of the digestion, there is a
suspension containing an aluminate solution together with sand (material size >100 pum)
and red sludge (fine particles). From this suspension, an aluminum hydrate is separated
by precipitation, which is then washed, dried and calcined to yield alumina as the final
product of the process. In the Bayer process, a sludge consisting of a mixture of metal
oxides is produced as a by-product. This sludge is red in color due to its high iron oxide
content. It is estimated that in the production of 1 ton of alumina, 2 tons of red sludge are
originated [84]. In 2019, world alumina production was 133 x 10° metric tons, headed
by China (73 x 10° metric tons) followed by Australia (20 x 10° metric tons) [85]. There-
fore, the amount of red sludge generated in 2019 as a by-product of the Bayer process
is estimated to be around 250 x 10° metric tons. In view of the huge production of this
waste, numerous studies have investigated its recovery of different applications [86], such
as: asphalt binders [87], cement industry [88], geopolymers manufacture [89], ceramic
bricks and tiles [90,91] and aluminosilicate glass [92]. Amongst these investigations, those
aimed to valorize waste generated in the Bayer process in the production of mullite-based
ceramic materials are described hereafter. Tables 4-6 show the chemical composition of
Bayer waste, the processing parameters and the technological properties of the developed
ceramic materials.

Table 4. Chemical composition (expressed wt.% oxide) of waste generated in the Bayer process.

Reference Waste SiO, Al,O3 Fe, O3 CaO Na,O K,O TiO, SO; LOI
[93,94] Red mud 33.57 27.66 7.56 15.26 3.54 1.76 3.36 — 7.29
[95] Alumina waste 1.40 90.90 — — — — — 7.00 nd

nd = not determined.

Table 5. Experimental conditions used in the development of mullite-based materials from waste generated in the

Bayer process.

Reference =~ Mining Waste Perce?&?gf/" ;’f Use Additional Raw Materials (wt.%) Shaping Method nglr:é‘iﬂglgl S
. UP; 25 MPa
Kaolin (28.2-30) ¢ 1150-1200 °C
(93] Red mud 65.8-7.0 Ammonium molybdate (0-6) 70 g ésxng?n m 3°C/min;2h
SiC (35-44)

Al(OH)s (15) UP; 20 MPa 1150-1350 °C

[94] Red mud 23-29 ‘g% ((Af)) 35 % 10 mm 2°C/min; 3 h
Graphite (5-20)

[95] Alumina waste 48-56 Kaolin (44-52) UP; 33-66 MPa 1450-1500 *C

30 X 5 x 5mm

5°C/min;1h

UP = uniaxial pressing.
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Table 6. Technological properties of mullite-based materials developed from waste generated in the Bayer process.
Flexural Water Apparent Firing
Reference Mining Waste Final Material Strength Absorption Density Shrinkage
(MPa) (%) (g/cm®) (%)
[93] Red mud Ceramic floor tile 153-195 7-27 1.45-1.83 nd
[94] Red mud SiC/mullite composﬂe 868 nd nd nd
porous ceramics
[95] Alumina waste Porous mullite blocks 46-56 17-18 nd 10-11

nd = not determined.

Wang et al. [93] studied the manufacture of low-cost pavement tiles from red sludge
with additions of kaolin and ammonium molybdate ((NH4)¢Mo07074). The results revealed
that ammonium molybdate acted as a catalyst for the formation of mullite crystals, promot-
ing sintering at lower temperatures while increasing the rate and degree of reaction. The
microstructure of the samples sintered at 1180 °C was comprised of anisotropic mullite
crystals, approximately 10 mm in length, together with some anorthite crystals. These
materials showed a high flexural strength (195 MPa) attributed to the higher fracture energy
absorption by the mullite interlocked crystals. Those ones sintered at temperatures higher
than 1180 °C presented a significant decrease in technological properties as a result of
the increase in the amount of the glassy phase and the existence of intercrystalline pores.
The authors pointed out that the use of ammonium molybdate as a catalyst promoted the
formation of fine Al,O3 crystals with high chemical reactivity. In turn, it generated MoQOs3,
which reduced the viscosity of the silica-rich liquid phase. Therefore, the dissolution of
AlyO3 in the liquid phase was favored and consequently, the nucleation of mullite crys-
tals. In a later study, the authors investigated the use of this same residue as a starting
material for the synthesis of SiC/mullite composite porous ceramics [94]. For this, they
used aluminum hydroxide (Al(OH)3), Bayer red sludge and silicon carbide (SiC) as raw
materials and studied the effect of V,O5 and AlF; as catalysts for the development of low
temperature mullite. The composite materials included 6H-5iC, mullite, cristobalite and
alumina as crystalline phases. The authors pointed out a significant increase in the amount
of mullite from 1250 °C, at the expense of the decrease of alumina in the sintered samples,
which caused an improvement in the bending strength, as well as the reduction in the
porosity. The microstructure consisted of rod-shaped mullite crystals and plate-shaped SiC
grains distributed among the mullite particles. The samples sintered at 1350 °C showed
optimum behavior, with a bending strength of 49.4 MPa and a porosity of 31.4%. The
authors highlighted that the introduction of V,Os5 and AlF3 changed the mechanism of
the mullite formation reaction, significantly reducing the sintering temperature. Thus,
AlFj; is converted into vapor phase fluorine and reacts with aluminum oxide and silicon
oxide to generate SiF; and AIOF, respectively. In this way, the growth of the crystal nu-
cleus is accelerated along an axis, causing the quick formation of a significant amount of
mullite crystals.

In addition to the red sludge, the Bayer process generates an alumina-rich residue
(90 wt.%), which can be used as a source of alumina in the manufacture of porcelain.
Da Silva et al. [95] reported the manufacture of porous mullite blocks from mixtures of
kaolin and Bayer alumina waste. The alumina waste consisted mainly of Al,O3, with 5iO,
and SO3 as minor components. Regarding its mineralogical composition, in addition to
alumina, the waste contained Na,O and sulfur phases as impurities. Mixtures of kaolin and
alumina residue were formulated to achieve the stoichiometry of mullite 3:2. After firing,
all samples included mullite as the main crystalline phase, together with corundum (x-
alumina) and quartz. The mullite content was increased by the firing temperature, resulting
in an enhancement of the mechanical properties of the fired materials. The microstructural
study revealed the bimodal growth of primary mullite acicular crystals, developed in the
glass matrix, and smaller crystals of secondary mullite (Figure 5). The authors highlighted
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the possibility of recovering Bayer’s alumina residue to produce mullite materials suitable
for applications requiring high porosity and strength at high temperatures.

Figure 5. TEM image of the mullite crystals developed at 1450 °C in porous mullite blocks from
Bayer alumina waste and kaolin (p and s denotes primary and secondary mullite, respectively) [95].

2.3. Boron Mining Waste

Boron is mainly demanded for the manufacture of fiberglass. However, it is also
an essential element in agriculture (herbicides and pesticides) and in the production of
ceramic materials, borosilicate glass and detergents [96]. Other uses of boron include the
manufacture of special steels with high resistance to impact, and also its application in the
field of atomic energy. Because of its high neutron absorption capacity, it is used as a control
buffer in nuclear reactors and as a constituent material of neutron shields. In 2019, world
production of boron was approximately 3.8 x 10 metric tons, being led by Turkey with
2.5 x 10° metric tons [5]. Studies on the valorization of boron mining wastes have focused
mainly on the development of cement [97], concrete [98] and geopolymers [99]. However,
some research has explored its incorporation into mullite-based ceramic materials, as
detailed below. Tables 7-9 present the chemical composition of boron mining wastes,
processing parameters and technological properties of the ceramic materials developed.

Table 7. Chemical composition (expressed wt.% oxide) of boron mining wastes.

Reference Waste SIOZ Alz 03 Fez 03 CaO MgO Na20 Kzo B203 LOI
[100] (1) 15.83 1.06 0.24 20.66 19.84 2.58 0.63 3.99 34.75
[101,102] 2) 0.39-19.81 0.11-0.74  0.13-0.33 23.31-52.75 0.60-8.96 0.00-1.34 0.00-0.17 16.37-31.11 14.68-30.74

nd = not determined; (1) Tincalconite; (2) Colemanite.

Table 8. Experimental conditions used in the development of mullite-based materials from boron mining wastes.

.. P, t f U Additional Raw Material . Sinteri
Reference Mining Waste ercet(l“;;lg;o ;) se ! 1ona(Wt.ao2r) aterials Shaping Method Collrll deiggrgls
. . . Clay (60) UP; 16 MPa 1050-1150 °C
[100] Tincalconite 216 Feldespatic waste (24-40) 110 x 55 x 6 mm 2°C/min; 1h
. UP 1120-1195 °C
[101] Colemanite 1-14.80 nr 15 % 5 % 5 mm 4 min
UP o
[102] Colemanite 1.10-8.56 nr @ 50 mm 118071230 °C
min
5 x 10 cm

nr = not reported; UP = uniaxial pressing.
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Table 9. Technological properties of mullite-based materials developed from boron mining wastes.

Reference

Mining Waste Final Material

Flexural Strength ~ Water Absorption  Firing Shrinkage

(MPa) (%) (%)
[100] Tincalconite Terracota tiles 1644 0.1-14 3.0-8.5
[101] Colemanite Wall and floor tiles 38.43 0.49 6.8
[102] Colemanite Porcelain tiles 44.80 0.01 74

nd = not determined.

Kurama et al. [100] investigated the production of terracotta tiles with improved
physical-mechanical properties and lower production costs, using the tincalconite sieve
dewatering residue (TSW) generated in the manufacture of borax (Na;B4Os(OH),]-8H,0)
from the mineral tincalconite (Nay;B4O4(OH)4-3H,O). It is estimated that 0.5 t of this waste
is produced in the production of 1 t of borax. TSW was composed of 5iO;, CaO and MgO as
major oxides and Al,Os, B,O3 and alkaline oxides as minor components. In terms of min-
eralogy, TSW was comprised of dolomite (CaMg(COs3),, tincalconite, montmorillonite and
calcite. The authors noted that the water absorption of fired materials decreased consider-
ably when the TSW content in the paste composition increased, which was attributed both
to the strong melting action of its B,O3 content and to the sintering-promoting character of
the alkaline earth oxides (MgO and CaO), whose content in this waste was considerably
higher than in the other constituent raw materials. As a consequence, the bending strength
was also increased by the TSW content in the composition. The main crystalline phase in the
fired materials was quartz, which was largely a remnant of the initial quartz contained in
the raw materials. As for the newly formed phases, mullite was the main crystalline phase
developed during firing. The study also showed that the content of the amorphous phase
increased regularly as the amount of TSW incorporated into the composition increased.
However, Cicek et al. [101] considered that the use of tincalconite extraction/enrichment
tailings into the ceramic tile manufacturing sector was not feasible, as they contain a high
percentage of Na,O, which is a very energetic flux and provides excessive fluidity to the
ceramic body. Therefore, its use in industrial ceramic tile production, where a fast-firing
cycle with very fast heating and cooling speeds is applied, is not feasible. Therefore, they
developed pavement and covering ceramic tiles using tailings from the manufacture of
boric acid (H3BO3) from the mineral colemanite (CaB3O4(OH)3-H,0). In this case, new
formulations of floor ceramic tiles were prepared with percentages of alkaline earth oxides
and 5i0;/Al,03, NayO/K,;0 and MgO/CaO ratios similar to those of commercial com-
positions. The authors noted that compositions containing 5.66 wt.% colemanite tailings
presented a densification temperature 65 °C below that used in the manufacture of ceramic
floor tiles. The B,O3 content in the tailings favored the generation of liquid phases, thus
facilitating viscous sintering at a slightly lower temperature than that used in commercial
manufacture. The major crystalline phases were anorthite, albite (Na(AlSizOg)), mullite and
quartz. Plagioclase formation ((Na,Ca)(Si,Al)30g) was promoted by the high Ca content
of the boron tailings. These tiles showed shrinkage during firing similar to standard tiles
and presented lower water absorption values (0.49%). However, the bending strength
(38.43 MPa) decreased considerably with respect to commercial floor tiles due to the forma-
tion of excess plagioclase, which is harder but less resistant. In a recent study, Karadagli
and Cicek [102] studied the introduction of this same colemanite tailing in the manufacture
of porcelain stoneware tiles. They incorporated 3-10 wt.% of tailings into a formulation
used for commercial production of porcelain tiles. The authors achieved a decrease in the
sintering temperature of 38 °C. The new tiles showed bending strength (44.80 MPa) and
water absorption (0.01%) values complying with the requirements for porcelain tile.

2.4. Molybdenum Mining Waste

Molybdenum is mainly used for the manufacture of resistant steels, but it is also
required as a component of superalloys, nickel alloys and in other industrial sectors such
as lubricants, chemicals and electronics. World production of molybdenum in 2019 was
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290 x 10% metric tons [6], with production being led by China with 130 x 103 metric
tons [103]. In the literature, the works focused on the valorization of Mo mining wastes
are scarce, being focused on its incorporation in cement and concrete [104,105]. Moreover,
Karhu et al. [106] investigated the use of molybdenum tailings as raw materials for pro-
ducing mullite-based ceramics. Table 10 displays the chemical composition, processing
parameters and technological properties of the ceramic materials. Molybdenum tailings
were mainly composed of S5iO, and Al,O3; and a considerable content (22 wt.%) of minor
components (CaO, Fe;O3, K,O, Na,O and MgO). The main mineral phases were quartz
(40 wt.%), albite (23 wt.%) and andesite ((Ca,Na)Al;SipOg, 12 wt.%), together with minor
amounts of K-feldspar (6 wt.%), biotite (K(Mg,Fe2+)6(Si,Al)gOzo (OH)4-nH,0, 6 wt.%) and
muscovite (KAl (SizsAl)O19(OH),, 3 wt.%). Sintering of tailings and boehmite mixtures
resulted in crystalline materials including mullite as the main crystalline phase, along with
corundum and amorphous phase. The microstructure of these materials was composed of
acicular mullite crystals surrounded by a glassy phase. During sintering, the alkali and
K-mica feldspars contained in Mo tailings led to a liquid phase that facilitated the reaction
of the silica with the alumina caused by the thermal decomposition of boehmite and the
subsequent crystallization of mullite.

Table 10. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic

materials developed from molybdenum mining waste.

Reference SiO, Al,O3 Fe, O3 CaO MgO Na,O K,O LOI
73.2 11.1 2.93 1.95 4.84 3.45 1.51 nd
Percentage Additional Compressive
Final & raw Shaping Sintering P Apparent density
. of use . . strength 3
[106] material o materials method conditions (g/cm?)
(wt.%) o (MPa)
(wt. %)
Mullite- 1300 °C
Boehmite UP; 25 MPa o .
baseq 33.6-83.5 (165-664) 20 x 3 mm 3.3 °C/min; 62 2.7
ceramics 3h

nd = not determined; UP = uniaxial pressing.

2.5. Lithium Mining Waste

In the last years, lithium has become one of the key chemical elements for new
technologies. Although lithium has long been used in different industrial sectors, the
development of lithium-ion batteries has resulted in lithium becoming a key mineral, as
lithium batteries are essential for the development of smartphones, laptops, hybrid and
electric cars or rechargeable devices, such as solar charging lithium ion batteries. World
lithium production in 2019 was 77,000 metric tons, with Australia (42,000 metric tons) and
Chile (18,000 metric tons) being the major producers [107]. By 2025, the global demand for
lithium is estimated to be 820,000 metric tons of lithium carbonate equivalent [108]. One of
the main routes of lithium extraction is acid roasting with H,SO, of the mineral spodumene
(LiAlSi»Og), which contains approximately 8% of Li,O [109-111]. Lemougna et al. [112]
studied the use of quartz feldspar sand (QFS) residues originating during the chemical
production of lithium from spodumene as a raw material for the manufacture of porcelain
and structural materials. Table 11 shows the chemical composition of this waste together
with the processing parameters and technological properties of the final ceramic materials.
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Table 11. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic

materials developed from lithium mining waste.

Reference SiO, Al,O3 Fe, O3 CaO P,0s5 Na,O K,O LOI
77.50 13.5 0.20 0.30 0.10 4.80 3.30 0.0
Additional
Final Percentage of use raw Shaping method Sintering conditions
material (wt.%) materials ping 8
(wt. %)
Porcelain 41-50 Kaolin (50) Slip casting 1050-1200 °C
materials Quartz (0-9) 80 x 20 x 20 mm 5°C/min; 2 h
[112] Structural 80-90 Kaolin Slip casting 1050 °C
materials (10-20) 80 x 20 x 20 mm 5°C/min; 2 h
Flexural
Final Compressive Water Apparent .. . o
material strength (MPa) S:;irll,ga;h absorption (%) density (g/cm®) Firing shrinkage (%)
Porcelain 40-90 10-30 0.2-18 1.7-25 2-18
materials
Structural 67-69 16.5-17.5 6.3-6.8 2.05-2.07 nd
materials

nd = not determined; UP = uniaxial pressing.

The QFS residue was composed of SiO; as the major oxide and Al,O3, and alkaline ox-
ides as minor components. From a mineralogical point of view, spodumene waste included
albite (44 wt.%), quartz (32 wt.%), microcline (KAISi3Og; 11 wt.%) and muscovite (6 wt.%)
together with amorphous phase (7 wt.%) (Figure 6). The porcelain materials obtained after
a sintering process were mainly composed of quartz (13-26 wt.%), mullite (12-20 wt.%)
and amorphous phase (42-56 wt.%), the highest percentages of mullite being obtained for
materials sintered at 1200 °C (Figure 7). These materials presented the best technological
properties, with a dense and compact microstructure with microstructural characteristics
similar to those of reference porcelain compositions. The highest compressive strength
values of 90 MPa fulfilled the requirements for fired bricks, masonry bricks and ceramic
pavers exposed to light traffic. As regards to bending strength, maximum values of 30 MPa
were achieved, which are slightly lower than those presented by commercial porcelain
stoneware tiles. Materials sintered at 1200 °C showed very low water absorption values
(0.2%) corresponding to an apparent density of 2.5 g-cm 2, both properties being compara-
ble to those reported in studies of porcelain materials. The shrinkage values on sintering
were also similar to the values of approximately 20% shrinkage reported for some porcelain
compositions fired at 1200 °C. As for the properties of structural materials manufactured
with 80 and 90 wt.% of spodumene tailings, they exhibited values of compressive strength
exceeding 17-20 MPa, which is the value required for ceramic pavers subjected to light
traffic. Similarly, they showed water absorption well below 15%, complying with the
requirement for ceramics with construction applications.
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Element 1:Quartz 2: Albite 3: Microcline
(wt.%) (Q (A) (M)
(0] 48.44 44.12 41.65
Si 51.56 35.42 32.97
Al - 11.:52 10.68
Na - 8.95 0.43
K - - 14.27
Figure 6. SEM of QFS powder [112].
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Figure 7. Phase composition of investigated compositions at indicated temperatures [112].

Sintering temperature (°C)

3. Waste from Mineral Extraction
3.1. Coal Gangue

Coal is a major energy source worldwide, in 2018, the energy produced from coal
accounted for 31.2% of primary energy generated from non-renewable sources [113]. In
2018, global hard coal production was 7.08 x 10° metric tons, with the market being led
by China (3.53 x 10° metric tons) [114]. During mining and subsequent coal washing,
coal gangue is generated as a solid waste, amounting to approximately 10-15% of coal
production [115]. In recent years, an increased demand for the appropriate and efficient
use of coal gangue has been observed in different sectors. Thus, several studies can be
found in the literature aimed at the use of this waste in geotechnical applications [116],
alkaline-activated materials [117,118], as zinc and manganese ion adsorbent [119,120] or
in agricultural applications [121]. Commonly, coal gangue is composed of a mixture
of sandstone, shale and carbonaceous slate, with SiO, and Al,Oj as its main chemical
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constituents. Therefore, another way of valorization is its use in the manufacture of mullite-
based ceramics. Tables 12-14 present the chemical composition of coal waste, processing
parameters and technological properties of the ceramic materials developed.

Table 12. Chemical composition (expressed wt.% oxide) of coal gangue.

Reference SiO, Al,O3 Fe, O3 CaO MgO Na,O K,O TiO, LOI
[122] 45.55 37.56 0.23 0.44 0.43 0.16 0.21 0.37 15.30
[123] 65.21 26.68 — 0.30 0.84 0.43 3.16 1.24 16.70
[124] 30.70 27.40 8.10 0.30 — — — 2.70 30.80
[125] 48.5-54.1 221587%_ 4.2-8.6 2.6-3.4 1.7-2.5 0.4-0.6 1.3-1.6 nd

nd = not determined.

Table 13. Experimental conditions used in the development of mullite-based materials from coal gangue.

Reference Percentag:: of Use Additional Re:)w Materials Shaping Method Sintering Conditions
(wt.%) (wt.%)
[122] 45.61 v-Al,O3 (54.39) UP; 200 MPa 1400-1550 °C
4h
UP; 20 MPa 1300-1550 °C
[123] 77 Al05 (26.21) 70 x 10 x 10 mm 3°C/min; 3h
[124] 50.0 Low-grade bauxite (50.0 ) Pelletizing 51 %(?/_rlriio 2(}21
[125] 50.00 High alumina refractory solid UP; 200 MPa 1300-1400 °C
’ wastes (50.00) 4 x 6 x 50 mm 3h
UP = uniaxial pressing.
Table 14. Technological properties of mullite-based materials developed from coal gangue.
. . Flexural Strength .o Apparent Density
Reference Final Material (MPa) Water Absorption (%) (g/cm®)
[122] Mullite ceramics 25-218 nd 1.89-3.20
[123] Mullite ceramics 80-97 0.26-7 2.06-2.40
[124] Mullite based nd nd 2.64-2.85
proppants
[125] Mullite ceramics 47-72 nd 2.25-2.50

nd = not determined.

Ji et al. [122] studied the manufacture of mullite ceramics from coal gangue and y-
Al,O3 with the addition of La;Oj3 as a catalyst. The carbon gangue was composed of
kaolinite as the only crystalline phase. After firing, the sintered materials consisted of
mullite with an orthorhombic structure, corundum and cristobalite in different proportions.
The results highlighted that in the materials sintered at 1500 °C and containing 5 mol% of
Lay O3, almost complete mullitization was achieved. The formation of secondary mullite
proceeds through a mechanism of dissolution-crystallization from a liquid phase. The
addition of La;O3 reduced the formation temperature of this phase, thus promoting the de-
velopment of secondary mullite and giving rise to a microstructure formed by interlocking
mullite crystals with an aspect ratio of 3-6. The fired materials developed in this way had
extraordinary mechanical properties (bending strength up to 218 MPa) (Figure 8) so that
these materials could be used in engineering applications.
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Figure 8. Bending strength versus LayOscontent at differentsintering temperatures [122].

Dong et al. [123] investigated the development of mullite with a columnar structure
using a coal gangue (kaolinite and quartz) and Al,O3 with the addition of mineralizers (2%
V705, 1% MnO; and 3% AlF3). After sintering, the materials consisted of mullite as the
only crystalline phase. As the firing temperature increased, the mullite crystals showed a
more acicular morphology and their length increased. In addition, the crystals included
Ca, Fe, V, F and Ti in a small proportion, indicating that these crystals developed from a
glassy phase that included the impurities of the coal gangue. The materials presented a
microstructure composed of cross-linked mullite crystals, which contributed to the high
values of bending strength of the materials. The results concluded that 1400 °C was the
most suitable temperature for the synthesis of mullite-based materials from coal gangue.
At this temperature, the highest value of bending strength was obtained (97.6 MPa).

Another application for the coal gangue could be in the manufacture of proppant,
small ceramic balls used in oil extraction. Proppant is used in the hydraulic fragmentation
of the rock to prevent cracks from closing and thereby facilitate extraction. Traditionally,
mullite-corundum-based proppants are produced from high quality bauxite. Li et al. [124]
reported the use of coal gangue to partially replace bauxite in the fabrication of proppants
through a pelletization and sintering process. The fired materials were comprised of mullite
as the main crystalline phase, along with a small amount of quartz and corundum. An
important characteristic of proppant is its resistance to fracture, which is evaluated by the
breakage ratio. The materials prepared from coal gangue showed breakage ratio values
of less than 10%, complying with the requirements established by the regulations. The
authors attributed this good performance to the development of rod-like mullite crystals,
which formed a dense cross-linked structure that slowed down the growth of internal
microcracks. Finally, the roundness and sphericity of the developed proppants exceeded
0.9, fulfilling the industrial requirements.

Recently, Liu et al. [125] synthesized a needle-like mullite powder by solid-state
reaction of a coal gangue and a high alumina refractory residue. The mullite crystals
had an aspect ratio of ~6. Subsequently, mullite-based ceramics were prepared from the
needle-like mullite powder by sintering, which exhibited a microstructure consisting of
interlinked needle-like crystals with bending strength values of up to 72 MPa.

3.2. Kaolin Processing Waste

Kaolin is a dioctahedral phyllosilicate composed of 46.5 wt.% SiO,, 39.5 wt.% Al,Os3
and 14.0 wt.% H,O [126]. Kaolin is a mixture of clay minerals, mainly kaolinite, and it
is formed by the alteration of feldspar-rich rocks. This is one of the clay minerals with
more industrial applications due to its characteristics, such as: chemically inert in a wide
range of pH (4-9), non-abrasive, low heat and electricity conductivity, low surface area
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compared to other clay minerals, white or almost white color [127]. Thus, kaolin is involved
in the manufacture of different materials such as paper, ceramics, refractories, paints and
polymers, as well as in the synthesis of pesticides and fertilizers and in the production
of cosmetics. Global kaolin extraction in 2018 reached 29 x 10° metric tons. The United
States, with 7.3 x 10° metric tons was the largest producing country, followed by China
and Ukraine with 3.2 x 10% and 2.1 x 10° metric tons, respectively [9].

As extracted from the mine, the kaolin ore contains a variable amount of kaolin-
ite, sometimes fewer than 20%. In addition, it often contains impurities such as quartz,
feldspars and micas. Therefore, once extracted, kaolin goes through a beneficiation process
that includes successive washing, crushing, drying and grinding steps. As a consequence
of this process, a large amount of waste is generated, estimated at around 80% to 90% of the
total volume of the exploited mineral [128]. This fact has prompted various investigations
focused on the recovery of waste originating from the extraction of kaolin as a raw material
in the manufacture of zeolites [129,130], molecular sieves [131] or cordierite [132]. The
studies focused on the valorization of kaolin processing wastes in the manufacture of
mullite-based ceramics are summarized below. Tables 15-17 list the chemical composition
of primary kaolin industry waste, processing parameters and technological properties of
the ceramic materials developed.

Table 15. Chemical composition (expressed wt.% oxide) of primary kaolin industry waste.

Reference

Waste

Si02 A1203 F8203 MgO NaZO Kzo Ti02 LOI

[133]

Primary kaolin industry

waste

57.11 40.67 0.04 — 0.53 1.65 — nd

[134-137]

Primary kaolin industry

waste

52.68 33.57 0.93 — 0.08 5.72 0.12 6.75

[138]

Fine kaolin waste

46.4 37.7 0.5 1.0 * 1.4 * 12.6

[138]

Coarse kaolin waste

60.3 28.5 0.9 0.8 ** 1.0 ** 74

nd = not determined; * other oxides = 0.4 wt.%; ** other oxides = 1.1 wt.%.

Table 16. Experimental conditions used in the development of mullite-based materials from primary kaolin industry waste.

Reference

Percentage of Use

Additional Raw Materials

Shaping Method Sintering Conditions

(Wt.o/o) (Wt.o/o)
Alumina (25.88-33.62 wt.%) UP; 27 MPa 1350-1500 °C
[133] 66.38-74.12 Ball clay (0-7 wt.%) 60 x 20 X 5 mm 10°C/min; 1h
. o UP; 30 MPa 1450-1600 °C
[134] 38-54 Alumina (46—62 wt.%) 60 x 20 X 5 mm 5°C/min; 2 h
Alumina (25.88-52.00) UP; 27 MPa 1350-1500 °C
[135] 48-74.12 Ball clay (0-7) 60 x 20 X 5 mm 10 °C/min; 1 h
Alumina (0-66.6) UP; 35 MPa 1300-1400 °C
[136] 16.60-100 Ball clay (0-6.66) 50 x 20 X 5 mm 5°C/min;2h
Red clay (35-40)
[137] 10-35 Ball clay (0-30) UP; 27-35 MPa 1180-1240 °C
Feldspar (0-48) 50 x 20 X 5 mm 38 °C/min; 5 min
Calcite (0-2)
[138] Fine (35.7-78.0) Talc (14-29) UP; 13.0 MPa 1150-1250 °C

Coarse (35.7-71)

Magnesium hydroxide (0-8)

60 X 20 X 5mm

5°C/min;2h

UP = uniaxial pressing.
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Table 17. Technological properties of mullite-based materials developed from primary kaolin industry waste.

Reference Final Material MOR (MPa) Water Absorption  Apparent ]Is)ensuy Firing Shrinkage

(%) (g/cm?) (%)

[133] Mullite-based ceramics 40-60 3.20-8.98 2.28-2.40 5.09-6.59

[134] Mullite-based ceramics ~37-77 ~0.75-4.60 ~2.14-2.50 nd

[135] Porous technical ceramic 32-67 ~9.3-14.5 2.10-2.34 ~6.5-2.0

bodies

[136] Mullite-based ceramics 10.40-50.37 0.78-10.56 nd nd

[137] Ceramic tiles ~38-41 ~0.5-2 ~2.20-2.35 ~5.0-6.6

[138] Cordierite-mullite 328 0.5-25.6 nd 1.7-9.1

composites

nd = not determined; MOR = modulus ofrupture.

Brasileiro et al. [133,134] reported the use of the residue from the primary kaolin
industry as alternative raw material for the production of mullite ceramics. The kaolin
residue is mainly composed of S5iO,, Al;O3 and a considerable amount of fluxing oxides,
especially KO (5.72%). Its mineralogical composition consisted of kaolinite, quartz and
muscovite. Other raw materials used in this study were alumina and ball clay (56.29 wt.%
Si0y, 27.10 wt.% Al O3, 1.60 wt.% Fe;O3, 0.18 wt.% Ky0O, 0.70 wt.% TiO; and 0.09 wt.%
NayO). Different mixtures were prepared based on the stoichiometric composition for
mullite formation or with an excess of either silica or alumina. The authors indicated that
the mixtures treated at temperatures above 1500 °C developed, depending on their initial
composition, mullite and quartz or mullite and alumina as the only crystalline phases.
Regarding water absorption, samples containing higher proportion of kaolin residue
exhibited lower water absorption values, while those with higher alumina contents also
showed higher bulk density values. On the other hand, Rodriguez Menezes et al. [135] also
studied the feasibility of the aforementioned kaolin processing residue for the production
of porous technical ceramics and they concluded that highly porous mullite ceramic bodies
(porosity above 40%) with high flexural strength (70 MPa) were possible by sintering a
suitable mixture of waste kaolin and alumina at 1500 °C. The authors highlighted that these
materials could be used as supports for catalysts, filters, thermal insulators, bioreactors, etc.
through a simple and low-cost manufacturing route.

Rodriguez Menezes et al. [136] carried out an investigation on the valorization of this
kaolin waste, using a statistical experimental design methodology in order to achieve the
targeted properties in the fired materials with the minimum number of experiments. The
model showed that the pre-established values for water absorption and modulus of rupture
were similar to those obtained experimentally. The results indicated that the statistical
design of mixture experiments and response surface methodologies was a useful tool to
establish the influence of the content of the kaolin processing residue on the technological
properties of mullite-based ceramics and thus to optimize the compositions. The obtained
findings showed that alumina-kaolin residue mixtures with high alumina content presented
the lowest water absorption values and the highest flexural strength, corroborating the
results of the previous study. In this line, Rodriguez Menezes et al. [137] also evaluated the
suitability of using this kaolin waste as an alternative raw material for the manufacture
of dense mullite bodies and for obtaining ceramic tiles, in the latter in combination with
ball clay, feldspar and calcite. The mixture consisting of 20 wt.% kaolin waste, 30 wt.%
ball clay, 48 wt.% feldspar and 2 wt.% calcite resulted in a material comprising mullite,
quartz and sodium feldspar after a sintering process at temperatures above 1200 °C. The
analysis concluded that the water absorption of the fired tiles was not only related to the
amount of fluxes in the raw materials, but also depended on the convenient combination of
the particle size distribution of the raw materials. The developed tiles experienced during
firing a decrease in linear shrinkage from 1240 °C onwards, which was attributed to the
development of micro-cracks around the quartz grains during cooling as a consequence of
the difference between the expansion coefficients of the quartz and the glassy surrounding
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phase. The developed materials presented modulus of rupture values higher than 38 MPa,
thus demonstrating that the waste from kaolin processing is suitable for the manufacture
of ceramic tiles. Furthermore, the authors also investigated the fabrication of high strength
dense mullite bodies from mixtures of kaolin waste and alumina. The fired materials
were constituted by mullite, quartz and alumina. The results concluded that the most
favorable formulations (higher mullite content and lower quartz and alumina) were those
with alumina contents higher than 58 wt.%, when sintered at temperatures above 1550 °C.

Recently, Pinheiro de Brito et al. [138] reported the synthesis of cordierite-mullite
composites, suitable for application as refractory materials, from compositions incorpo-
rating kaolin wastes together with talc and magnesium hydroxide wastes. All the synthe-
sized materials included quartz, cristobalite, cordierite, spinel (MgO-Al,O3), sapphirine
(Mgs(Mg3Alg)O4[Si3AlgO34]) and enstatite (MgySioOg) as crystalline phases. In addition,
magnesia (Mg(OH),) was also detected in fired materials where magnesium hydroxide was
included in the raw material mixture. The results indicated a higher mullite development
in compositions with greater percentage of fine kaolin residue and a higher Al,O3/SiO,
ratio. The high fine kaolin residue content also resulted in increased shrinkage during
firing, which was attributed to the higher proportion of kaolinite in the initial compositions,
and a lower coefficient of thermal expansion.

3.3. Granitic Sand Washing Waste

Raigén-Pichardo et al. [139] reported the use of a waste from the beneficiation of tin-
bearing granitic sands, for use either in the manufacture of ornamental tiles and stoneware
products, or in the production of porous tiles or glaze support according to the firing
temperature. As a result of the process for the extraction of tin from these sands, a slurry
containing a high proportion (75 wt.%) of tin clay is produced, which consists of 60-50%
kaolinite, 15-20% potassium mica (illite), 15-20% quartz and 10-15% feldspar. Table 18
shows the chemical composition of this waste together with the processing parameters and
technological properties of the final ceramic materials.

Table 18. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic

materials developed from granitic sand washing waste.

Reference SiO, Al,O3 Fe, O3 CaO + MgO TiO, Na,O K,O LOI
[139,140] 48.30 32.00 5.13 2.12 0.52 0.10 243 10.30
Additional
Final Percentage of raw Shaping method Sintering condition
material use (wt.%) materials ping metho ernng ¢ ons
(wt.%)
[139] 100 None UP; 40 MPa 1200‘13.00 C
Mulite 6°C/min; 2 h
[140] ceramics or Sericity UP; 150 MPa 1400-1600 °C
clay (nd) 100 x 10 x 10 mm 10 °C/min; 2-2.5h
. Apparent density Firing
o,
MOR (MPa) Water absorption (%) (g/cm®) shrinkage (%)
[139] nd ~1 2.54 10
[140] 44 nd 2.23-2.30 nd

nd = not determined; nr = not reported; UP = uniaxial pressing; MOR = modulus ofrupture.

The chemical composition of this waste was characterized by a high content of silica
and alumina, in agreement with the occurrence of kaolinite and quartz. Furthermore,
the chemical analysis also indicated the presence of KO associated with the presence of
illite and potassium feldspar and Fe,Oj3 related to amorphous iron oxides. The materials
resulting from the sintering at temperatures above 1200 °C were composed of a glassy phase
and mullite as the only crystalline phase, with a content of 31 wt.% in the samples sintered
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at 1300 °C. The materials fired at 1150 °C showed the highest densification, reaching almost
zero water absorption and porosity values. The results highlighted that vitrified ceramics
sintered at 1150-1250 °C were suitable for the manufacture of ornamental tile, stoneware
or porcelain stoneware. Moreover, materials prepared at 1000 °C or lower could be used in
the manufacture of porous tiles, with apparent porosity of ~30 vol%, or alternatively as a
glaze support.

More recently, Sanchez-Soto et al. [140] examined the effect of the glassy phase on
mullite and mullite-based ceramics manufactured from this waste from the beneficiation of
granitic sands. On this occasion, the possibility of producing mullite and mullite-based
ceramic composites using this residue was investigated by adding powdered «-alumina
from the manufacture of commercial high alumina refractories, in order to achieve the
required mixture to yield the stoichiometry composition of the mullite. The mineralogical
analysis showed the disappearance of x-alumina and the development of mullite, so
that the samples sintered at 1600 °C consisted of mullite as the single crystalline phase.
Microstructural analysis showed the development of well-developed crystals of primary
mullite (elongated morphology) and secondary mullite (equiaxed grains), glassy phase
and porosity in small proportion. The authors highlighted the impossibility of achieving
fully dense mullite materials, even at the sintering temperature of 1600 °C, where a bulk
density of 2.30 gmL~! was reached, corresponding to 74% of the theoretical density of
mullite (3.17 gmL~!). The authors pointed out that these materials could have potential
applications as refractories, ceramic substrates, catalytic supports, filters, etc.

3.4. Ornamental Rock Waste

From the beginning of the civilization, ornamental rocks were used both as construc-
tion materials and as attractive constituents. These rocks are divided roughly into two
main categories, i.e., “ornamental rocks”, which are applied with surface polish, as granite
and marble; and “semi-ornamental rocks”, which are used without polishing, as basalt.
The ornamental industry uses a wide variety of rocks, such as agate, gneiss, granite, gran-
odiorite, marble, quartzite, rhyolite or varvite, which are sawed into the desired forms and
dimensions. Alves et al. [141] estimated that near 50% of the ornamental rock extracted
corresponds to wastes originated during block sawing. As a result, huge amounts of
residues are generated worldwide and damped near the natural stone sawmills without
any potential application, which causes environmental implications. A summary of the
studies aimed to the synthesis of mullite-based ceramics from ornamental rocks quarry-
ing and cutting waste is given below. Tables 19-29 show the chemical composition of
ornamental rock waste, processing parameters and technological properties of the ceramic
materials developed.

Table 19. Chemical composition (expressed wt.% oxide) of granite waste.

Reference Waste SiO, Al,O; Fe;03 CaO MgO Na,O K,O TiO, P,05 MnO LOI
[142] Granite waste 6414 1325 818 356 165 255 440 096 nd nd 160
[143] Granite waste 6714 1492 440 191 073 293 518 073 nd nd 050
[144] Granitesludge 7165 1425 286 183 086 372 443 024 013 003 100
[145] Granitesludge ~ 67.09 1373 226 416 081 350 462 024 028 004 3.00
[146] Granite waste 5738 1687 736 569 260 348 324 071 nd nd 267
[147] Graniticwaste ~ 70.70 1391 377 094 008 337 625 045 005 010 040
[148] Granitic waste ~ 51.92 1737 1070 973 266 nd 435 240 nd 022 nd
[149] Granite cutting 2o oeg+  40%  188* 008* 323% 453 012* 014* 008* nd

sludge

nd = not determined; * Average value.
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Table 20. Experimental conditions used in the development of mullite-based materials from granite waste.

Reference

Percentage of Use

Additional Raw

Shaping Method

Sintering Conditions

(wt.%) Materials (wt.%)
[142] 2040 Preta clay (25-70) Extrusion 850-1100 °C
Carolinho clay (15-80) 100 x 11 x 30 mm 4°C/min; 3 h
Extrusion 970 °C
[143] 10-40 Clay (60-90) 100 % 15 w98 e oh
UP; 47 MPa
Clay A (15-25) 4 .
[144] 20-50 Clay B (25-30) ©20 x 2mm 114071200 °C
Feldspar (5-30) Extrusion 5°C/min;1h
J10 x 120 mm
Clay (48.72) .
[145] 35-70 Quartz (6.28) @1}(3)Xini§1(§)rr;m 1100-1200 °C
Feldspar (20—45)
[146] 2510 Standard porcglam tile UP; 45 MPa 1180—1210 C
formulation 50 min
Kaolin (60) UP; 20 MPa o
[147] 25-30 Quartz (10-15) @25 x 5 mm 51 (C{OCO/_rlriiO 2%
Feldspar (25) 50 x 10 x 10 mm ’
Alumina(65-85) UP; 20 MPa 1300-1350 °C
[148] 10-30 MnO; (5) 50 X 4 X 4 mm 5°C/min; 1h
Feldspar (30-40)
Clay (40)
UP; 40 MPa 1200-1230 °C
[149] 5-10 Quartz (20) @20 x 5mm 50 °C/min; 5 min
Incinerator fly ash
(5-10)
UP = Uniaxial pressing.
Table 21. Technological properties of mullite-based materials developed from granite waste.
Compressive . .
. . Flexural Water Apparent Firing
Reference Final Material sgi;i;h Strength (MPa)  Absorption (%) Density (g/cm?) Shrinkage (%)
[142] Roofing tile nd 4.00-16.0 7.05-23.10 1.77-1.80 1.68-12.07
[143] Red ceramic nd 8.55-9.60 18.75-23.75 1.67-1.78 2.75-3.29
Porcelain Pellets (0.12-2.23);
[144] materials nd 47.84-60.26 Discs (0.07-1.31) 2.20-227 5.56-7.13
[145] Rustic nd 62.10-72.50 0.05-8.80 1.91-2.32 nd
stoneware
[146] Porcelain nd nd 0.50-1.10 nd 7.35-8.25
materials
Porcelain Discs (0.10-18.30);  Discs (1.83-25.20)
[147] materials nd 31.10-45.40 bars (0.47-1.40) bars (2.31-2.51) nd
[148] Alumina nd 60.50-199.80 nd 2.22-3.18 nd
porcelain
[149] Porcelainized 106-227 nd 0.01-21.90 2.13-2.73 2.51-13.10
stoneware

nd = not determined.
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Table 22. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic

materials developed from marble waste.

Reference SiO, Al,O3 Fe, O3 CaO MgO Na,O K,O TiO, P,0s5 MnO LOI
[150] 47.93 12.62 297 12.58 4.90 2.27 2.33 0.45 0.27 0.05 13.11
[151] 0.52 nd 0.10 53.51 1.66 0.09 nd nd nd nd 4412

. . Percentage of use Additional raw . . . -
Final material (Wt.%) materials (wt.%) Shaping method Sintering conditions
Floor red-clay UP; 20 MPa 1100-1150 °C
[150] ceramics 10-30 Red clay (70-90) 50 x 4 x 4 mm 8.33°C/min; 2 h
Feldspar (23)
- g Clay (50) Slip casting 1160 °C
[151] Artistic stoneware 10-27 Quartz (0-7) 200 x 20 x 15 mm 7h
Kaolin (0-20)
Flexural strength ~ Water absorption =~ Apparent density . . o
(MPa) (%) (g/em®) Firing shrinkage (%)
[150] 11.23-22.60 3.00-9.80 2.36-2.53 2.05-4.60
[151] nd 6.60-14.50 nd 4.60-9.60
nd = not determined; nr = not reported; UP = uniaxial pressing.
Table 23. Chemical composition (expressed wt.% oxide) of quartz and quartzite waste.
Reference Waste SiO,  Al,O3 Fe,O3 CaO MgO Na,O K,O TiO, P,05 MnO LOI
[106] Quartz  g98 516 057 004 011 011 120 nd nd nd nd
tailing
[144] Q‘&fsttzéte 6848 1493  4.68 0.11 0.78 0.31 2.94 1.08 0.21 007 550
s Quartzite g 94 215 023 nd 001 nd 026 nd nd nd 054
waste
(53  Quartzite ogus 4939 511 090 0486 nd 511 013 nd nd 1.53
waste
[154] Quartzite o700 1850 196 1.23 1.78 nd 7.80 0.22 nd nd nd
waste
Quartzite
[155] 77.1 11.2 14 0.9 0.9 nd 5.0 0.1 nd nd 29
waste

nd = not determined.
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Table 24. Experimental conditions used in the development of mullite-based materials from quartz and quartzite waste.

Reference  Percentage of Use (Wt.%)  Additional Raw Materials (wt.%) Shaping Method Sintering Conditions
UP; 25 MPa 1300 °C
[106] 28.8-82.0 AlO(OH) (18.0-71.2) 320 x 3 mm 33°C/min; 3 h
Clay (48.72) .
[144] 35- 70 Quartz (6.28) ngxfﬁlg’?nm 1100-1200 °C
Feldspar (20-45)
UP; 28-35 MPa 950-1100 °C
[152] 10-15 Red clay (85-90) 70 x 20 x 10mm 5°C/min; 2 h
UP; 20 MPa 800-1000 °C
[153] 10-25 Red clay (75-90) 50 x 15 x 10 mm 2°C/min;3h
. . UP; 50 MPa 1143-1257 °C
[154] 1.76-10.24 Ceramic mass for porcelain 20 x 7 % 60 mm 49°C/min; 2 h
Clay (48.72) . .
Slip casting 600-1200 °C
[155] 10-25 Quartz (6.28) o . .
Feldspar (20-45) 6.0 x 2.0 x 0.5 mm 2—4 °C/min; 40 min
Clay UKR (22.0)
Clay 1 (8.5)
g Clay 2 (6.0) ’ 1200 °C
[156] 3.0-12.0 Pegmatite (34.5) UP; 30 MPa 30 min

Magnesite (2.0)
Albite (15-27)

UP = Uniaxial pressing.

Table 25. Technological properties of mullite-based materials developed from quartz and quartzite waste.

Compressive Apparent

. . Flexural Water : Firin,
Reference Final Material Strength s o Density . &
(MP32) Strength (MPa) Absorption (%) (g/cm®) Shrinkage (%)
[106] Mullite ceramic nd nd nd 24 nd
Rustic
[145] stoneware nd 27.80-30.75 3.90-14.10 2.00-2.25 nd
[152] Red ceramic 34.67-192.56 1.56-2.58 1.43-11.37 nd 11.84-24.58
[153] Structural nd 1.38-6.52 13.80-19.05 nd 0.01-3.25
ceramic
[154] I;g;igf;? nd 21.18-71.52 0.00-12.68 1.93-2.42 3.34-8.68
[155] Sanitary ware nd 27.50-46.40 0.50-0.90 2.30-2.40 9.80-11.80

nd = not determined.

Table 26. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic
materials developed from agate waste.

Reference SiO, Al,O3 Fe, O3 CaO MgO Na,O K,O TiO, LOI
98.46 0.21 0.02 0.05 0.02 0.09 0.01 0.01 1.13
. . Percentage of use Additional raw Shaping C .
Final material (Wt.%) materials (wt.%) method Sintering conditions
UP; 40
[156] ; : » Kaolin (20-70) MPa 1180 °C
Porcelain material 15-65 Feldspar (15-65) 70 % 25 x 5°C/min; 1 h
5mm
Flexufle\l/llggength Water absorption (%) Apparent density (g/cm3) Firing shrinkage (%)
12.69-57.98 0.13-15.37 1.75-2.33 2.29-13.62

UP = uniaxial pressing.
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Table 27. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic

materials developed from gneiss and varvite waste.

Reference  Waste SiO; Al,O3 Fe;0O3 CaO MgO Na,O K,O TiO, Pys MnO LOI
[157] Gneiss ~ 59.22 16.75 4.56 5.98 1.63 448 431 0.43 0.75 0.14 1.74
[157] Varvite = 74.32 8.79 2.43 2.68 1.74 3.12 1.48 0.51 0.18 0.16 4.59
[158] Gneiss  67.83 14.76 1.44 0.29 0.39 0.34 3.26 1.68 nd nd 0.66

Additional raw . . .
Final material Percentage of use (wt.%) 1r:ev1\t,$1;}0a)ls ﬁ‘;l;ll:c% C?)lrllg?:‘il(l)ll%s
Residual clay UP; 50 MPa
. ’ 900-1150 °C
. : Gneiss (5-45) (20-40) @25 x 10 mm o -
[157] Porcelain material Varvite (5-65) Potable water 60 x 20 x 10 5 C?nr?ﬁn, 4
sludge (10-65) mm
L UP; 30 MPa
. . . Kaolinitic clay ’ 1200 °C
[158] Electric porcelain Gneiss (40-60) (40-60) 114.5 >r<n %n5.4 x 8 15 min
Flexural strength (MPa) Water absorption (%) Apparent density (g/cm?3) shriﬁi::glg (%)
[157] 0.75-3.8 0.35-21.05 2.20-2.75 2.00-11.90
[158] ~40-55 0.1-0.6 nr nr

nd = not determined; nr = not reported; UP = uniaxial pressing.

3.4.1. Granitic Rock Waste

Granite is a light-colored igneous rock. It is the most common type of igneous rock in
the Earth’s crust and ocean floor. It consists mostly of coarse-grained quartz and feldspar
and also small amounts of minerals belonging to mica and amphibole groups.

Monteiro et al. [142] evaluated manufacture of roofing ceramic tiles from a granite
waste sludge produced during sawing operations. The granite waste was composed mainly
by SiO; and Al,O3 and also showed a significant presence of alkaline and alkaline earth
oxides. Quartz, mica, plagioclase and microcline being the constituent crystalline phases
in this waste. Different composition for roofing tiles were formulated by the replacement
of natural sand by the granite waste. The finer particle size of the waste limited the
possibility of shrinkage cracks and promoted the quartz dissolution on firing. In addition,
the granite residue contained alkaline fluxes, which promoted the formation of liquid
phases and favored the removal of porosity. The sintering of mixtures of granite waste
and two different clays resulted in materials comprising quartz, mullite and plagioclase as
main crystalline phases. According to results, the drying linear shrinkage of the ceramic
bodies was reduced with the incorporation of granite waste. Moreover, the specimens
exhibited higher flexural strength (up to 16 MPa) and lower water absorption values than
the commercial specimen used as control.

In the same way, Vieira et al. [143] reported the effect of incorporating granite waste
into a red ceramic body. Mixtures of powder granite waste (0—40 wt.%) and clay led
to sintered ceramics consisted of mullite, plagioclase, quartz, potassium feldspar and a
micaceous mineral. The authors noted that the addition of granite waste contributed to the
formation of residual phases from the feldspar fraction, but it did not affect the formation
of mullite from the decomposition of metakaolinite around 970 °C. These results pointed
out that the incorporation of powder granite waste into red ceramic bodies improved the
technological properties because the porosity and water absorption were reduced while
flexural strength values were similar to the control specimen.

Torres et al. [144] included different amounts of granite cutting sludge into a clayey
body for porcelain tiles. The authors substituted the maximum amount of feldspar by
sludge. The results suggested that the addition of granite sludge presumably acted by re-
ducing the open porosity, which resulted in a significant improvement in water absorption
(0.07%) and mechanical strength (above 55 MPa). On the other hand, the incorporation
of granite sludge had a negligible effect on shrinkage, plasticity and density. The authors
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remarked that industrial production of these materials would be possible without costly
process modifications. Thereafter, Torres et al. [145] evaluated how the addition of granite
cutting reject affected the properties of a rustic clay-based tile. The granite waste consisted
of quartz, illite, kaolinite, feldspatic minerals and traces of calcite, probably derived from
the polishing equipment. Different mixtures of red clay, quartz and feldspar, replaced by
granite sludge, derived in ceramic containing mullite, quartz, anorthite and hematite. The
granite waste addition improved the properties of sintered red ceramics by reducing water
absorption values while keeping flexural strength increased widely, even at low firing
temperatures, in comparison to the reference paste. The new products fulfilled the most
demanding requirements of the ISO 13006 standard [146], group Bla (porcelain tiles) in
relation to water absorption (near zero) and flexural strength (72.5 MPa).

Recent research conducted by Pazniak et al. [147] combined fast firing cycles at
high temperature in order to obtain porcelain stoneware with granitic rock waste as
substitute of feldspar. The granite waste was composed of plagioclase (50-60 wt.%),
mica minerals (11-23 wt.%), amphibole (9-22 wt.%), quartz (7-12 wt.%) and feldspar
(1-5 wt.%). Feldspars contained in the waste melted and induced the development of a
liquid phase in the K,O-Nay;O-5iO, system. This phase was enriched with iron oxides,
alkaline earth oxides and silica and started to flow at temperatures of 1170-1180 °C. The
microstructural analysis of firing tiles revealed the main presence of vitreous phase and
quartz, and some small alumina-rich crystals like mullite as the main crystalline phases.
The authors highlighted the possibility of manufacturing industrial porcelain tiles as the
results revealed high densification and near zero water absorption values. Another example
of this type of research is the work developed by El-Maghraby et al. [148], which produced
porcelain tiles using granite waste as substitute of feldspar. The waste was composed of
a micaceous mineral, quartz, albite and microcline. Batches composition of the porcelain
bodies combined kaolin, quartz and granite waste. The findings concluded that adding
waste to the body composition resulted in the formation of mullite and an increase in
quartz amount. The incorporation of granite waste also decreased the open porosity of the
fired bodies. Consequently, the bulk density and flexural strength increased and the water
absorption decreased with the granite waste content. The microstructural study revealed
that fired materials exhibited a fine fracture surface with few defects and no significant
effect on the crystalline phases was observed with granite waste inclusion.

Acchar et al. [149] assessed the utilization of granite reject, alumina and manganese
oxide (5 wt.% MnQy) in the production of alumina bodies. The granite reject consisted
mainly of SiO,, Al,O3, Fe;O3 and CaO, with K,O, MgO and TiO, as minor components.
After firing, the major crystalline phases identified in the sintered bodies were alumina,
wollastonite and anorthite along with minor phases such as mullite and quartz. The
addition of granite waste and MnO, decreased the open porosity of fired samples, which
presented higher apparent density values. The study concluded that the decrease in
porosity and the associated densification of the samples lead to higher mechanical strength
of samples manufactured from granite waste (increasing from 65 MPa of the control sample
to 196 MPa achieved by the specimen with 20 wt.% of rejection content). Therefore, these
ceramics could be considered as high resistance ceramic bodies.

Other options available to treat ornamental rock wastes also involve porcelain stoneware
tile production using granite waste. Herndndez-Crespo and Rincén [150] reported the
use of two granite sawing residues as raw material in the production of porcelainized
ceramic-based products. The granite residues included «-quartz, albite and orthoclase as
main mineral phases. In addition, micaceous minerals and a minor occurrence of magnetite
(and/or spinels) were also found, which were related to the metallic particles, as well as
some calcite from the sawing process. Porcelainized ceramics were prepared by replace-
ment from an adequate porcelain formulation (40% feldspar, 40% clay and 20% quartz)
of 10 wt.% of feldspar by granite waste and 10% clay by incinerator fly ash of municipal
solid waste. The results concluded that the incorporation of granite waste improved the
sintering process and reduced the water absorption (near zero). The mineralogical study
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suggested that the viscosity did not undergo the usual reduction with temperature because
of the dissolution of quartz and the formation of mullite improved the sintering process.
Furthermore, the fired materials showed density and mechanical resistance comparable to
those of commercial porcelain ceramics. Considering these results, the authors highlighted
that the final materials could be an interesting new type of construction material, with
promising applications in this field.

3.4.2. Marble Waste

Marble is a metamorphic rock formed when limestone is exposed to heat and pressure.
It is majorly composed of carbonate minerals, such as calcite or dolomite, and other minor
mineral phases, essentially, quartz, micas, iron oxides, graphite and pyrite.

Segadaes et al. [151] assessed the positive effect of adding a mixture of marble and
granite rejects from the stone-cutting industry, in the industrial manufacture of red clay
stoneware. The main chemical constituents of the stone reject were SiO,, Al,O3 and CaO
together with minor amounts of Fe,O3 and alkaline and alkaline-earth oxides. Ceramic
bodies were produced by adding different concentrations of rejects to red clay. After firing,
ceramic samples comprised mullite, quartz, anorthite and hematite. The result showed
that the addition of marble and granite rejects to red clay stoneware contributed to the
development of mullite, which enhanced the technological properties of the fired ceramics,
reducing the water absorption index and maintaining the mechanical resistance. The final
product could be classified as class Ila according to the requirements of the ISO 13006
standard [146]. The authors concluded that the marble reject content highly influenced
the formation of crystalline phases improving the sintering process and the technological
properties, even at low firing temperature. This fact would mean energy savings in the red
ceramic manufacturing process.

On the other hand, a comprehensive study for evaluating the role of marble waste in
traditional artistic stoneware clay body was carried by Yesilay et al. [152]. Marble waste
was composed mainly of CaO and MgO and included calcite and dolomite as crystalline
components. Batch formulations containing significant amounts of marble powder reject
replacing kaolin and quartz in a clay body were studied. The crystalline phases presented
in the bodies after firing under industrial conditions were principally quartz, mullite and
residual anorthite. The results suggested the relationship between the microstructure of
clay and the firing color, although the marble content also affected, darkening the final
color. Moreover, the inclusion of marble waste led to stoneware bodies fulfilled the criteria
of artwork ceramic, in accordance with plasticity, water absorption, dimensional stability
and whiteness (Figure 9).

(a) (b)

Figure 9. Artistic ceramics produced from marble waste by (a) pressing and (b) slip casting [152].
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3.4.3. Quartz and Quartzite Rock Waste

Quartz is one of the most useful minerals found in the Earth’s crust. Thus, quartz is
an indispensable raw material in the manufacture of glass and fiberglass and an important
component in the manufacture of rubber, paint and putty. Quartz sand is a very powerful
abrasive used for sandblasting, rock cutting, scrubbing cleaners, grinding media and also
for sanding and cutting. Little chips of quartz are used in technological devices such
as watches, computers, and tablets. Moreover, some types of quartz are considered as
semi-precious (citrine or amatiste) or ornamental (jaspe) stones, so they find application
in jewelry. Karhu et al. [106] also explored the use of quartz tailings in the preparation
of mullite-containing ceramic materials. SiO, was the principal constituent of quartz
tailings, which also included Al,O3; as a minor component. These tailings consisted of
quartz (64 wt.%) as the main crystalline phase, together with muscovite (27 wt.%) and
kaolinite (4 wt.%). Sintering of quartz tailings and boehmite mixtures resulted in crystalline
materials with a microstructure mostly comprised of coarse quartz grains together with
corundum and isolated acicular mullite crystals in a smaller amount. The authors pointed
out that mullite crystals were probably formed from the kaolinite contained in the tailings
and to promote further mullite formation by solid state reaction of SiO, and Al,O3, it would
be necessary to conduct sintering at higher temperatures than those used in this study.

Quartzite is a non-foliated metamorphic rock formed when quartz-rich sandstone
or chert is altered by the metamorphism, high temperatures and pressures. Under these
conditions, the silica cement and the sand grains produce a reinforced network of inter-
locking quartz grains (90 wt.%). A recent work conducted by Silva et al. [153] analyzed
the microstructure and technological properties of red ceramic bricks manufactured from
clay and sawing quartzite fines in order to evaluate the feasibility of recycling the quartzite
waste as ceramic additive. SiO, was the main component of the quartzite waste whereas
quartz together with cianite and muscovite were the constituent crystalline phases. The
results suggested that the incorporation up to 15 wt.% of quartzite waste fired at 1100 °C
and 35 MPa lead to the best settings. The mineralogical results revealed the partial thermal
breakdown of the mineral phases with the re-crystallization of mullite and cristobalite. The
incorporation of quartzite waste in red clay body production resulted in lower production
costs and environmentally friendly products. In a similar study, Carreiro et al. [154] as-
sessed the possibility of recycling quartzite residue in the production of red clay bodies
as a raw material for structural ceramic products. Quartzite waste presented SiO, and
Al;O3 as main constituents and KO, TiO,, CaO, MgO and Fe;O3 in minor proportion.
On the other hand, quartz, mica and feldspar were the crystalline phases presented in the
waste. Mixtures of red clay and quartzite were studied and the results concluded that
the addition of the residue did not change the coloring characteristics of the pieces after
firing. Thus, the reuse of quartzite into red ceramics is an excellent alternative for waste
management practices.

Furthermore, Torres et al. [145] replaced different quantities of red clay by quartzite
powder in industrial rustic tiles production in a pilot plant. Quartzite was composed of
quartz, muscovite, accompanied by clinochlore ((Mg,Fe)4(Si,Al)4O19(OH)g) and microcline.
As a result of the incorporation of quartzite in the formulation of rustic bodies, their
technological properties were improved. The occurrence of mullite and glassy phase in
the fired materials produced a reduction of the apparent density values. In addition,
the significant decrease of density at 1200 °C is mostly the consequence of over-firing
phenomena. The water absorption values were lower than 5% in samples fired at 1200 °C.
The open porosity and the bending strength increased compared to reference. Regarding
the ISO 13006 standard [146], specimens containing up to 65 wt.% of quartzite belonged to
group Blla, and sample with 70 wt.% was classified as Blb. The addition of quartzite had
negligible effect on other properties such as plasticity and moreover, no costly modifications
will be necessary for industrial production. In a more recent study, Ruiz Silva et al. [155]
investigated the use of quartzite residue in commercial porcelain tile. The authors carried
out a deep physical-chemical and microstructural analysis in order to comprehend how
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quartzite waste content influenced the properties of green and fired bodies. Thus, quadratic
and linear regression analyses correlating quartzite waste content and sintering temperature
with the technological properties (linear shrinkage, apparent density, water absorption and
flexural strength) were applied. Mineralogical studies suggested that quartz, mullite and
anorthite were the major crystalline phases detected. However, anorthite disappeared with
sintering temperatures above 1200 °C. Regarding the technological results, similar values
were obtained in porcelain bodies containing quartzite residues compared to standard.
Moreover, specimens fired at 1240 and 1257 °C met the requirements established for
porcelain stoneware in the ISO 13006 standard (water absorption <0.5% and flexural
strength >35 MPa).

Finally, Soares de Medeiros et al. [156] assessed the addition of quartzite waste to
produce sanitary ware. Thus, batch formulations of clay, quartz and quartzite residue
as replacement of feldspar were evaluated. The main crystalline phases formed during
the sintering process were mullite and quartz. Based on the results, the quartzite waste
inclusion in sanitary stoneware produced non-significant effects on the firing shrinkage.
However, quartzite incorporation improved the mechanical resistance (above 35 MPa).
Moreover, the addition up to 15 wt.% of quartzite attended the technical recommendation
for sanitary ware ceramics.

3.4.4. Agate Waste

Agate is a common semiprecious silica mineral, a variety of chalcedony (S5iO;) con-
sisting of bands with varying color and transparency. Agates are chiefly formed within
igneous and metamorphic rocks. The ornamental use of agate dates back to Ancient Greece.
Correia et al. [157] described the use of agate waste as substitute for quartz sand in the
production of porcelain stoneware. Different amounts of powdered agate scrap were com-
bined with kaolinitic clay and potassium feldspar and fired at 1180 °C. The mineralogical
analysis indicated that quartz and mullite were the main crystalline phases in the fired
bodies. In order to achieve the best formulation to produce a porcelain body with specific
properties, regression analyses related to the properties of both green and fired ceramic
bodies were carried out. The results showed that the range of acceptable values were
15-22 wt.% of agate scrap, 25-37 wt.% of potassium feldspar and 43-60 wt.% of kaolinitic
clay. The microstructure of fired materials was composed of undissolved quartz particles
and well-interconnected mullite needles dispersed in the amorphous phase (Figure 10).
The authors concluded that the agate scrap is feasible for porcelain ceramic tile production.

Figure 10. SEM photographs of HF-etched fracture surfaces of fired samples prepared from agate
scraps [157].

3.4.5. Gneiss and Varvite Waste

Gneiss is a foliated metamorphic rock identified by its bands and layers of varying
composition. Bands contain granular minerals with an interlocking texture and other bands
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contain platy or elongate minerals with evidence of preferred orientation. On the other
hand, varvite is a singular sedimentary rock whose formation was controlled by the yearly
succession of seasonal deposits producing alternately thinner and thicker bands of silt
or clay. Junkes et al. [158] studied a new method of manufacturing porcelain ceramics
using only waste as gneiss and varvite powders together with sludge from potable water
preparation processes (PWS) and clay-based waste as plastic components. The gneiss
residue was composed of S5iO;, Al,O3, Fe;O3 and alkaline and alkaline earth oxides, while
the varvite mud contained mostly SiO,. As for their mineralogy, the gneiss waste contained
quartz, albite and microcline and iron oxides (hematite and magnetite), while quartz,
albite and clinochlore were the predominant phases in the varvite waste along with traces
of dolomite. According to the leucite-silica—mullite system (Figure 11), four mixtures
located in the primary phase field of mullite formation were formulated. After sintering,
the materials produced were mainly mullite and quartz, in ratios depending on the raw
material composition and firing temperature. Albite, anorthite, enstatite and residual
hematite are also present in varying proportions. The results showed low values of water
absorption (below 3%) and flexural strengths ranged between 2.9-3.8 MPa. Moreover, the
density values ranged between 2.03 and 2.61 g-cm ™2 for 1100 and 1150 °C, respectively.
The study concluded that the technological properties of the fired materials were within
the standard for ceramic tiles and therefore, the manufacture of porcelain-type ceramic
tiles was possible using only waste and the fast-firing sintering process.

Table 28. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic
materials developed from rhyolite waste.

Reference SiOZ A1203 Fe203 CaO MgO NaZO Kzo Ti02 LOI
75.70 13.30 0.46 0.39 0.10 2.12 6.47 0.21 0.94
Percentage .
. . o, . o Shapin, . . o,
Final material of use Additional raw materials (wt.%) th Sintering conditions
(wt.%) metho
Clay UKR (22.0)
[159] Clay 1 (8.5)
. . Clay 2 (6.0) . 1200 °C
Porcelain material 3.0-12.0 Pegmatite (34.5) UP; 30 MPa 30 min
Magnesite (2.0)
Albite (15-27)
Compressive strength (MPa) Water absorption (%) Firing shrinkage (%)
50.5-59.3 0.08-0.20 6.05-6.64

UP = uniaxial pressing.

Table 29. Chemical composition (expressed wt.% oxide), processing parameters and technological properties of ceramic

materials developed from ornamental rock-cutting waste.

Reference SiO, Al,O3 Fe, O3 CaO MgO Na, O K;O TiO, MnO LOI
[160,161] 66.43 16.26 3.70 2.23 0.32 1.01 7.49 0.83 0.08 0.65
. . P t f Additional . . . .
Final material erce:lwat%z)o use mate;i;(;:;(iwrt?‘;: ) Shaping method Sintering conditions
Kaolin (20)
. . Plastic clay (25) . 1000-1350 °C
[160] Aluminous porcelain 10-35 Alumina (20) UP; 50 MPa 3-5°C/min; 1 h
Feldspar (5-35)
Kaolin (40) UP; 50 MP 1190-1250 °C
[161] Floor tiles 10-47.5 Quartz (12.5) 4 a i
Na-feldspar (0-37.5) 11.50 x 2.54 mm Fast-firing
Flexur;\i/l[g;r)ength Water absorption (%) Appal(rge/rclltng;tnsﬂy Firing shrinkage (%)
[160] 19.10-22.05 0.01-0.60 2.46-2.53 10.65-11.50
[161] ~34-67 0-7 2.15-2.45 5.8-9.5

UP = uniaxial pressing.
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Figure 11. Leucite-silica-mullite diagram, showing typical commercial porcelain composition ranges
and the location of the compositions of gneiss and varvite wastes and the formulations investi-
gated [158].

Vieira et al. [159] investigated the manufacture of electric porcelain from the waste
originated in the sawing of a gneiss rock containing K-feldspar, microcline, albite, muscovite
and quartz. The results showed that because of its mineralogical composition, with the
presence of potassium feldspars and quartz, the mixture of gneiss waste with clay allowed
the development of a microstructure similar to that of traditional porcelain composed of
mullite, quartz and glassy phase, besides reducing the sintering temperature.

3.4.6. Rhyolite

Rhyolite is an extrusive igneous rock containing a high silica content, which shows a
chemical structure very similar to granite, thus it is the volcanic equivalent of granite. It
is primarily composed of quartz, plagioclase, and sanidine, because of the crystallization
began prior to extrusion. Rhyolite also includes other minerals like hornblende and biotite.

Research conducted by Kara et al. [160] reported the manufacture of porcelain tile
from three types of ball clays, pegmatite, magnesite and rhyolite reject as replacement of
albite. The crystalline phases detected in the fired samples were mullite, quartz and minor
amount of albite. The study proved the feasibility of the use of significant amounts of
rhyolite waste (12 wt.%) as replacement of albite in porcelain tile manufacturing as stated
by the increment of 12% in both firing shrinkage and breaking strength, in relation to the
reference material.

3.4.7. Ornamental Rock-Cutting Waste

Undefined ornamental rock sawing operation powder as an alternative raw material in
the aluminous porcelain production was studied by Silva et al. [161]. Aluminous porcelains
usually used for high voltage electrical insulation are formed by alumina, feldspar and
kaolin and are characterized by excellent mechanical and electrical properties. Mixtures
containing up to 35 wt.% led on firing to samples composed of x-alumina, mullite, and
quartz. The technological evaluation indicated that high quality aluminous porcelains could
be obtained for additions of up to 10 wt.% of the ornamental rock waste. Water absorption
ranging near zero, the tensile strength values was increased slightly and electrical resistivity
was maintained with waste content.

Souza et al. [162] reported on the use of up to 47.5 wt.% of the above ornamental
rock-cutting waste as gradual replacement of Na-feldspar in the manufacture of floor tiles.
The results highlighted that no significant differences in the drying density of the pieces
were observed when cutting waste was introduced in the body composition. Moreover, the
addition of this waste produced significant effect in tile characteristic, such as decreased
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water absorption while increasing density and mechanical resistance as consequence of the
development of a highly vitrified microstructure with smooth fractured surfaces.

4. Final Remarks

This review gives a general view of the different research studies carried out in order
to valorize mining waste in the synthesis of traditional ceramic materials with mullite
as a constituent crystalline phase. The increase of the global mineral demands in recent
decades have resulted in the production of huge volumes of mining waste, which are
generally being mismanaged by stockpiled or dumped into dams with serious effects
on the environment. So it is crucial to explore new routes of management that allow its
recovery and reuse. Among the different ways of recovery, their use for the production of
mullite-based ceramics is an excellent alternative for mining waste, both because of their
ability for integrating a high amount of waste and also to their technological properties,
which turn them adequate and useful for a wide range of applications in different fields.
For such purpose, an adequate design of ceramic compositions is necessary for synthe-
sizing materials with high content of waste while simultaneously achieving appropriate
technological properties (thermal, chemical and mechanical), which are closely associated
with an adequate microstructure (amorphous phases, crystalline phases and porosity).
However, not all clay-based ceramic compositions are suitable for the incorporation of min-
ing waste and different criteria (particle size, flux content, etc.) determine the design of the
batch compositions. Furthermore, it is necessary to control the parameters of the sintering
process (temperature, heating rate and holding time) in order to ensure a material with
suitable technical properties. Finally, it is necessary to point out that, although there have
been several studies aimed to include different mining wastes in mullite-based ceramic
materials, there are still many more to be explored, and therefore, the knowledge regarding
their valorization is an important open research field that will grow in the coming years.
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Appendix A

Table Al lists the name and chemical formula of minerals and crystalline phases
mentioned in this review.
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Table A1l. Alphabetical list of minerals and crystalline phases.

Name Chemical Formula Name Chemical Formula
Albite Na(AlSizOg) Goethite FeO(OH)
Alumina AlL,O3 Hematite Fe,O3
Andalusite Al2SiO5 Illite (K,H30)(Al, Mg, Fe)z(Si, A1)4010
Andesite (Ca,Na)Al,Si,Og Kaolinite Al,Si,O5(0OH)4
Anorthite CaAl,Si,Og Magnesia Mg(OH);
Bauxite AlO4(OH)3_py with x = 0-1 Magnetite Fe?* Fe3* ,0,
Biotite K(Mg,Fe? * )¢(Si,Al)§O29(OH)4 nH,O Metakaolinite Al,Si; Oy
Boehmite AIO(OH) Mica KAl (Siz Al)O19(OH,F),
Borax NayB405(0OH)4-8H,O Microcline K(AISizOg)
Calcite CaCOs3 Montmorillonite (Na,Ca)g 3(A1,Mg),Si4019(OH),-nH,O
Chlorite Nag 5Al4Mg>,Si; AlO15(OH)15-5(H,O) Mullite Aly 4 9Sip 9, O10. (x =0.17-0.59)
Cianite Al»SiOg Muscovite KAl (SizAl)O10(OH),
Clinochlore (Mg,Fe)4(Si,Al)4O010(OH)g Pirofilite 4Al,Si4041-H,O
Colemanite CaB304(OH)3-H,O Plagioclase (Na,Ca)(5i,Al)30g
Cristobalite SiO, Quartz SiO,
Diaspore AIO(OH) Sapphirine Mgs(Mg3Alg)O4[Siz AlgOs4]
Dolomite CaMg(COs3); Sillimanite Al,SiO5
Enstatite Mg;SipOg Spodumene LiAlSi; Og
Feldspar (K,Na,Ca,Ba,NH,)(Si,Al)4Og Tincalconite NayB404(OH)4-3H,O
Gibbsite Al(OH)3
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